The technology for fortifying sugar with vitamin A was developed in Guatemala in the mid-1970s 
Introduction
Vitamin A deficiency continues to be highly prevalent in developing countries. The World Health Organization (WHO) estimates that in at least 75 countries, the deficiency is a problem of public health importance [1] . Of the many approaches that have been taken thus far to control vitamin A deficiency, sugar fortification seems to be the most cost-effective method [2] . According to a UNICEF report on sugar fortification in Guatemala, the cost of fortification is about one-fifth of that of other interventions [3] . Because of the success of the sugar-fortification programme in Guatemala that was carried out for two years in the mid1970s and initiated again and maintained since 1988, this approach has become the preferred intervention in those countries where it is feasible.
To bolster the potential of sugar-fortification interventions, UNICEF obtained a resolution from the Council of the International Sugar Organization during its meeting in São Paulo, Brazil, in May-June 1995. The resolution stated that the council agreed to facilitate fortification programmes in those countries where governments were considering such interventions.
In most countries, sugar fulfils the criteria listed by the Council of Food and Nutrition of the National Academy of Sciences of the United States as a good vehicle for fortification with specific nutrients [4, 5] : » The food used to supply the nutrient should be consumed in significant amounts by essentially all members of the targeted groups of the population; » The addition of the nutrient will not cause any imbalance of essential nutrients; » The nutrient is stable in the vehicle under normal conditions of storage and use; » There is reasonable assurance that no excess intake will be induced. For programmes of fortification in developing countries, some additional factors have to be considered: » The food vehicle should be consumed by practically all the population; » The daily intake of the carrier food should be es-sentially constant; » Fortification should not alter the organoleptic characteristics of the vehicle; » Production and processing of the food vehicle should be centralized; » The cost of the fortification should be economical.
In most countries, sugar is widely consumed by the population in quantities that show little daily variation, thus facilitating decisions about fortification levels. The retail price range of sugar generally places it within reach of the lower socio-economic end of a given population, and in most countries sugar production is centralized, which permits easier control and regulation of the fortification process.
To initiate a programme of fortification of sugar with vitamin A, it is necessary to know with enough precision the levels of daily consumption of sugar by the population at large as well as by pre-school children. In Guatemala these values were 36 g/day for adults and 20 g/day for rural pre-school children.
Since there is no single level of fortification appropriate for every country, the rationales put forth in Guatemala as to the level of fortification to be used may aid other countries in which sugar fortification is been considered. These rationales were [6] : » To add to the mean daily intake of sugar of the population the amount of vitamin A recommended by WHO for adult daily consumption. In principle, this level is considered high, since even the less privileged groups consume at least a fraction of their daily requirement for vitamin A; » To add to the mean daily intake of sugar of the rural population a quantity of vitamin A that corrects the mean daily deficit in their dietary intake and raises it to the recommended amount; » To add to the mean daily intake of sugar of rural pre-school-age children the mean safe level of intake for this age group based on the recommendation published by the Food and Agriculture Organization (FAO)/WHO. Since the information derived from nutrition and dietary surveys indicated that the age group at the greatest risk of deficiency was pre-school children, the last rationale was adopted, which resulted in a level of fortification of 15 µg of retinol per gram of sugar (50 IU per gram). This level has been used in Guatemala since 1986. A similar approach could be considered as a guideline in establishing fortification levels in other countries.
Fortification procedure
After a number of studies, the vitamin A selected for fortification was retinyl palmitate 250 CWS (cold water soluble). This product, a gelatin microencapsulated preparation that contains 250,000 IU of vitamin A per gram and is water-miscible, is manufactured by Hoffman-La Roche in Basel, Switzerland, and BASF in Ludwigshafen, Germany. The fortification of a sugar premix is carried out in two steps. First, a concentrated premix is prepared containing, in addition to vitamin A, an unsaturated oil as a binder and an antioxidant to prevent peroxidation of the oil. The concentration of vitamin A in the premix is 1,000 times that of the final fortified sugar, which must be diluted with more sugar up to 1,000-fold. The premix is formulated to contain a 10% excess of vitamin A to correct for possible losses during the process. Then, the premix is diluted with sugar to attain the proper concentration of vitamin A. The original premix used in Guatemala had the composition shown in table 1.
To facilitate the preparation of the premix, a special mixer was designed to incorporate in the chassis the mixer, an oil depot with a heater, and a nitrogen bubbler. The horizontal axis of the mixer is hollow to allow the oil in the depot to be added directly to the mixer through sprayers. The principal section of the machine is a Y mixer with charging and discharging gates that rotates on a horizontal axis supported by ball bearings. The horizontal axis that goes through the mixer rotates in the opposite direction to the mixer itself in order to facilitate the addition of the antioxidant solution, thus ensuring a homogeneous mixture. The design of this machine is illustrated elsewhere [8] .
The vitamin A and the sugar are placed into the mixer in the prescribed amounts and mixed for about 5 minutes. During this time, the necessary amount of antioxidant wax is dissolved in the oil, which is heated to 60°C. While dissolving, the antioxidant-oil mixture is maintained under a continuous stream of nitrogen. Once the wax is dissolved, it is flushed, while the mixer is still running, through the horizontal axis sprayers. Mixing is continued for 10 to 15 minutes, or until the mixture is homogeneous. The antioxidant-oil mixture is added through the sprayers to ensure a homogeneous mixture. After homogeneity is achieved, the premix is ready to be packaged until use. For packaging, a double black polyethylene bag is suggested, which, in turn, is placed inside another bag made of polypropylene fi- a. The peroxide content of the selected oil must not exceed 5 mEq/ L. The following oils have been tested and considered adequate: corn, palm, soya bean, cottonseed, and sunflower [7] . b. Specific gravity 0.61.
bres. The bag is hermetically sealed, taking care to exclude any trapped air. Using the described set-up, a single operator can produce one batch of premix in 10 to 15 minutes. It is also suggested that the premix bags have a printed label clearly stating that the premix is not for human consumption and indicating the date of preparation and the lot number. The vitamin A content of each lot should be checked analytically. The final product should be a slightly yellow, uniform, freeflowing mixture, with no agglomerations or impurities, slightly oily but with no rancid odour.
Premix stability
A premix prepared by the procedure described above and kept in a dry place shielded from direct sunlight should be stable for a period of time in excess of the turnover of the fortified sugar, which is produced in a cyclical process carried out each year during the same season. Figure 1 shows the half-life of premixes prepared in Guatemala and El Salvador under different environmental conditions. The premixes were prepared with sunflower oil in Guatemala and cottonseed oil in El Salvador. The minimum half-life of the premix is 2.8 years, well in excess of the mean turnover time of sugar. However, sugar is generally not stored for periods longer than one year.
Sugar fortification
The procedure for sugar fortification consists of diluting the premix with sugar in a ratio of 1:1,000, which can be performed at any of several points during production. The proper amount of premix can be added to the centrifuges in which crystallized sugar is separated, the conveyors that move the crystallized sugar from the centrifuges to the dryers, or the rotating drum dryers to take advantage of the efficient mixing produced by the drying process [8] . Ideally, for accurate addition of the premix, a dosing machine, which has been properly calibrated to measure the correct proportions of premix and sugar and which stops automatically when there is no flow of sugar, should be used. Regardless of the point selected for addition of the premix, the mixing that occurs in the drying drums is enough to ensure the homogeneity of the fortified sugar. The drying process lasts for only short periods of time at temperatures below 80°C, so that the stability of the vitamin A in the fortified sugar is not affected. Once the sugar is fortified, it should be packed in containers that protect it from direct sunlight and excess humidity.
In the plant, quality control of the process should be continuous, and samples should be periodically analysed. The frequency of analysis depends on the amount of sugar produced and should be determined on a statistical basis. For quality control purposes, a number of field analytical procedures have been developed and tested to enable analysis of vitamin A content in situ in l to 3 minutes [8] .
Stability tests carried out in Guatemala and in Basel, Switzerland, showed that vitamin A-fortified sugar can be directly heated to 100°C for periods of up to 15 minutes with no appreciable loss of activity. Syrups containing 55% to 65% fortified sugar heated for 1 hour at 80°C have shown losses of vitamin A activity on the order of 10% to 15%. Similar losses were observed in jellies containing fortified sugar that were cooked for 1 hour. When fortified sugar is dissolved at low pH values of 2 to 8 and heated, the loss of activity may reach 52%. On the other hand, when fortified sugar is used in hot coffee or tea prepared with boiling water and kept at this temperature for 10 minutes, the activity loss is only 1% to 2%. Storage of fortified sugar in commercially used bags for home distribution for up to six months at temperatures of 22° to 35°C and humidity levels of 70% to 85% saturation had no significant effect on vitamin A activity.
The biological activity of vitamin A-fortified sugar, compared with the standard vitamin A preparation used in trials employing experimental animals, yielded the same results for both preparations. In these tests, vitamin A-depleted rats were fed diets containing either fortified sugar or pure vitamin A palmitate. Both treatments had a similar capacity to restore plasma and liver retinol levels [8, 9] .
Cost of fortification
Vitamin A palmitate accounts for up to 99% of the cost of the premix. At the present time, the estimated cost of the components of 1 kg of premix is approximately US$8.10. Thus, the added cost to the selling price of sugar is on the order of US$0.0081 per kilogram of fortified sugar.
In a meeting with representatives of the producers of vitamin A held in the Guatemalan offices of UNICEF, 
Newer technologies for sugar fortification
The procedures described above for the fortification of sugar are based on technology developed in the early 1970s and modified as needed over the following years. Problems that are generally encountered with this technology relate to poor conditions of preparation of premixes, low-quality oils with a high content of peroxides, and poor storage of the fortified sugar. The result, in spite of the use of antioxidants, is the slow development of rancidity of the added oil. Several approaches have been taken to solve this problem. When saturated oils that remain in liquid form at room temperature are used, the fortified sugar remains stable. The small amount (about 0.08 µg/g) of saturated oil used as a binder in the fortified sugar does not have any negative nutritional implications. In many countries, this modification would be the best choice. A second approach involves using a dry mixing procedure in which no oil is used as a binder of the premix, thus eliminating the problem of peroxidation. This procedure is particularly useful when dealing with highly refined sugars. Several other binders are currently under investigation; one of the most promising seems to be micronized soluble polyvinyl pryrrolidonli.
Fortification of sugar with iron
The characteristics of sugar that make it a good vehicle for fortification led to trials of fortification with iron compounds. In Guatemala during the mid-1970s, a trial of fortification of sugar with NaFeEDTA was carried out. At the time, this compound appeared to be promising, showing an apparent absorption of 3% to 8%. Sugar was fortified by directly adding 1 g of the chelate per kilogram of sugar. The iron content of the NaFeEDTA was 13%, resulting in the addition of 0.13 mg of iron per gram of sugar. Considering the maximal absorption of 8%, the amount of absorbable iron present was 0.01 mg per gram of sugar. With a mean sugar consumption of 36 g per person per day, a contribution of about 0.37 mg of absorbable iron per day from sugar was possible. However, after four years of consumption of this fortified sugar in three selected communities, the change in iron nutrition was only marginal [10] . Furthermore, there was a significant increase in the urinary excretion of zinc, copper, and iron (table 2) .
The addition of NaFeEDTA to sugar resulted in an obvious change of colour, and the addition of NaFeEDTA-fortified sugar to foods, coffee, and tea also resulted in marked colour changes. Immediately after the addition of fortified sugar to coffee, the coffee turned deep blue. All these factors prevented the use of NaFeEDTA as a sugar fortificant.
More recently, a new tasteless chelate, in which iron is chelated with three molecules of glycine (iron trisglycine chelate), has been used successfully to fortify sugar in Brazil where technology was developed for the industrial fortification of sugar. Iron-fortified sugar, using this compound, is now commercially available in Brazil [11] . With the tris-glycine chelate, there are no organoleptic changes, to the point that it can be used in highly refined sugar. No changes in colour are caused by the addition of this sugar to foods, including coffee.
In premixes containing oil prepared with the addition of NaFeEDTA, the maximum amount that can be used without adverse effects is 50%, and only through modification of the premix to contain 11% vitamin A for a final dilution of 1:500. Premixes of this type containing iron tris-amino chelate (FeAAC) can be prepared with a significantly lower iron content but can still maintain the same level of absorbed iron (table 3) . In terms of the percent iron content and its bioavailability, it is apparent that the amount of absorbable iron cannot be increased with NaFeEDTA fortification, but with the tris-iron chelate, the premix iron concentration can easily be increased to provide 100% or more of the daily requirement of absorbable iron. By taking advantage of the technology developed for the dry mixing of nutrients and sugar, double-fortified sugar has been produced using vitamin A palmitate 250 CWS and iron tris-glycine chelate. Approximately 30% of this chelate, which contains 20% iron, is absorbed. The chelate has a very low toxicity; its LD 50 in rats is 17.0 g.
Iron bis-glycine chelate has been successfully used for fortification of whole cow's milk and corn and wheat flours. Field studies using milk fortified with 3 mg of iron from the chelate, without addition of ascorbate, have shown that up to 40% of the amino acid chelate is absorbed [12, 13] . Formal studies using water solutions of 55 Fe-labelled amino acid chelate proved that it is absorbed even better than the standard ferrous ascorbate, which was used as the absorption control, and that its absorption is regulated by the iron stores of the body [14] .
Impact of vitamin A-fortified sugar on the population
In Guatemala the fortification programme was evaluated in its first phase in 1975, and it was shown that after 6 months of consumption of fortified sugar, there was a significant decrease in the prevalence of low plasma retinol levels, and after 12 months, the mean prevalence of these values in the population was below 5%.
Similarly, the prevalence of human milk samples with less than 20 µg of retinol/dl was reduced by 50% in comparison with the levels before fortification. Human liver samples obtained from autopsies of persons killed in car accidents also showed a significant improvement in vitamin A content [8, 9] .
After the reinitiation of nationwide sugar fortification in 1988, the first 6 months of the programme were evaluated (from November 1988 to May 1989). A comparison of the effects on plasma retinol levels in l-to 7-year-old children in 1975 with those measured in 1989 is shown in figure 3 .In the second evaluation in 1989, the adequacy of liver vitamin A concentrations was evaluated using the relative dose-response test. The response at this time point was similar to that observed in the first evaluation 14 years earlier, demonstrating the reproducibility of the effects of fortified sugar [8] . It is clear that through consumption of fortified sugar, the vitamin A status of a population can be improved within a relatively short time.
Now that the technology for the double fortification of sugar with vitamin A and highly absorbable iron tris-glycine chelate has been developed, it would appear that the control of iron deficiency and of irondeficiency anaemia is also within reach. To illustrate the effectiveness of the iron amino acid chelates, the prevalence of iron-deficiency anaemia was reduced in some Brazilian populations from 70%-80% to 10%-15% after six months of consumption of whole milk fortified with iron bis-glycine chelate [13] . Studies carried out by the Secretary of Health of the state of São Paulo showed similar results, prompting the state to enact legislation making iron bis-glycine chelate fortification of the fluid milk used in Public Health Programs mandatory [12] .
The cost of milk fortification is so low (US$0.001 per litre) that similar programmes can be easily replicated in any population in which milk can be used as a vehicle for fortification. Wheat and corn flours have been fortified with bis-glycine chelate with similar re- sults to those obtained with fortified milk. A number of different foods have been fortified with the chelated iron and are commercially available in Brazil, including sugar, milk, corn flour, wheat flour, cheese, yoghurt, cookies, and margarine. In the development of these fortification programmes, the Latin American Centre of Nutrition and Metabolic Studies (Centro Latinoamericano de Nutrición y Estudios Metabólicos, CELANEM) has changed the usual mechanism for their establishment. Industry was initially approached and, with CELANEM, developed the fortification procedures to be used. Once industry had been convinced that the quality of their products would not be altered and that they could effectively contribute to the solution of many public health problems, public health authorities were contacted and presented with ready-made solutions. All of the products described above were developed in this manner and are now available on the market. For example, milk has already been fortified in Argentina, Chile, Paraguay, Ecuador, Brazil, Colombia, Venezuela, and Mexico; it is available in Europe and will be fortified in the near future in China.
